Abstract. Advanced oxidation protein products (AOPPs) are recognized as novel markers of oxidative stress and contribute to various medical conditions, which are associated with secondary osteoporosis. However, little is currently known regarding the role of AOPPs in the development of secondary osteoporosis. As the commander cells of bone remodeling, osteocytes are involved in the pathogenesis of osteoporosis. The present study aimed to determine the cytotoxic mechanisms of AOPPs on osteocytic MLO-Y4 cells. The results demonstrated that treatment with AOPPs significantly triggered apoptosis of MLO-Y4 cells, in a dose-and time-dependent manner. Furthermore, exposure to AOPPs induced phosphorylation of c-Jun N-terminal kinases (JNK) and p38 mitogen-activated protein kinases (MAPK). Conversely, N-acetylcysteine inhibited the activation of JNK and p38 MAPK, thus suggesting that the AOPPs-induced activation of JNK/p38 MAPK is reactive oxygen species (ROS)-dependent. In addition, SB203580 and SP600125 suppressed apoptosis, but did not affect ROS production, following AOPPs treatment. Notably, AOPPs also induced a significant upregulation in the expression levels of sclerostin and receptor activator of nuclear factor kappa-B ligand (RANKL) in a JNK/p38 MAPK-dependent manner. These findings provide novel insights into the molecular mechanisms underlying AOPPs-mediated cell death, and suggest that modulation of apoptotic pathways via the MAPK signaling cascade may be considered a therapeutic strategy for the prevention and treatment of secondary osteoporosis.
Introduction
Advanced oxidation protein products (AOPPs) were initially described by Witko-Sarsat et al in 1996 as a family of oxidized, dityrosine-containing protein products, which are formed during oxidative stress by the interaction between plasma proteins and chlorinated oxidants, and are often carried by albumin in vivo (1, 2) . AOPPs are recognized as novel markers of protein oxidative damage, the intensity of oxidative stress, and inflammation (3) . Significantly increased concentrations of AOPPs have been detected in several pathological conditions, including chronic kidney disease, diabetes mellitus, inflammatory bowel disease and rheumatoid arthritis (4) (5) (6) .
Notably, patients with the aforementioned conditions often exhibit bone loss and have an increased incidence of fracture, which is defined as secondary osteoporosis. Secondary osteoporosis is characterized by low bone mass with micro-architectural alterations in the bone, which can lead to fragility fractures in the presence of an underlying disease or medication (7) . The exact underlying mechanisms of this condition remain unclear; however, it may be hypothesized that AOPPs have a certain role in the progression of secondary osteoporosis.
In the process of bone remodeling, bone is constantly renewed by the balance between osteoblastic bone formation and osteoclastic bone resorption. Previous studies have demonstrated that AOPPs may inhibit the proliferation and differentiation of rat osteoblastic cells and rat mesenchymal stem cells (8, 9) . As the most abundant cell type in bone (90-95%), osteocytes function as more than just mechanosensors in bone homeostasis. It has previously been reported that osteocytes are a major source of the cytokine receptor activator of nuclear factor kappa-B ligand (RANKL), which is a ligand for osteoprotegerin and functions as a key factor for osteoclast differentiation and activation (10, 11) . In addition, osteocytes almost exclusively secrete the protein sclerostin, which inhibits osteoblast functioning and bone formation by antagonizing the Wnt signaling pathway (12, 13) . Therefore, it has been suggested that osteocytes act as the commander cells of bone remodeling, since they regulate bone formation and bone resorption via sclerostin and RANKL. However, it remains unclear whether AOPPs affect osteocytes or regulate the production of these factors, thereby causing bone deterioration in patients with pathological levels of plasma AOPPs.
Oxidative stress induces several signal transduction pathways, including the mitogen-activated protein kinases (MAPKs) pathways. MAPKs consist of extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNK) and p38 MAPK, and mediate various cellular activities, including cell growth, differentiation, survival and death (14, 15) . It has previously been reported that JNK/p38 MAPK pathways have a pivotal role in oxidative stress-induced apoptosis, whereas ERK exerts effects on cell physiology. However, it remains unknown as to whether AOPPs activate JNK/p38 MAPK signaling in osteocytes, or whether these signaling pathways are essential for AOPPs-induced apoptosis.
The present study aimed to determine the effects of AOPPs on apoptosis and on the expression of sclerostin and RANKL in osteocytic MLO-Y4 cells. The results demonstrated that AOPPs induced apoptosis of MLO-Y4 cells, and increased sclerostin and RANKL expression in a dose-and time-dependent manner. In addition, the association between JNK/p38 MAPK signaling and AOPPs-induced apoptosis was investigated, and it was revealed that sustained activation of the JNK/p38 MAPK pathways is responsible for AOPPs-induced apoptosis of osteocytic MLO-Y4 cells.
Materials and methods
Reagents. Mouse serum albumin (MSA), p38 inhibitor SB203580, JNK inhibitor SP600125, ERK inhibitor PD98059, N-acetylcysteine (NAC) and apocynin were obtained from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Trypsin-EDTA, fetal bovine serum (FBS), newborn calf serum, α-minimum essential medium (α-MEM) and penicillin-streptomycin were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). TRIzol ® reagent was obtained from Invitrogen (Thermo Fisher Scientific, Inc. AOPPs-MSA preparation and determination. AOPPs-MSA was prepared in vitro by incubating 20 mg/ml MSA with 200 mM hypochlorous acid (HOCl) for 30 min at 37˚C. The mixture was then dialyzed overnight against phosphate-buffered saline to remove any free HOCl. All prepared samples were passed through a Detoxi-Gel column to remove contaminated endotoxin. Endotoxin levels in the preparation were determined using the Limulus Amebocyte Lysate kit (Sigma-Aldrich; Merck Millipore) and were shown to be <0.025 EU/ml. AOPP content in the preparation was determined according to a previously published method (1) . Briefly, 200 µl of the sample or chloramine-T (standard curve; Sigma-Aldrich; Merck Millipore) were plated in a 96-well plate and mixed with 20 µl acetic acid. The absorbance was read immediately at 340 nm using a microplate reader (Multiskan MK3; Thermo Fisher Scientific, Inc.). The content of AOPP in the AOPP-MSA preparation was 68.80±5.35 nmol/mg protein in AOPPs-MSA, and 0.27±0.03 nmol/mg protein in native MSA.
Cell culture. Mouse osteocyte-like MLO-Y4 cells were kindly provided by Dr. Ni Guoxin (Southern Medical University, Guangzhou, China). The cells were cultured on type I collagen-coated plates in α-MEM at 37˚C in a humidified atmosphere containing 5% CO 2 . The medium was supplemented with 5% newborn calf serum (CS), 5% FBS and 1% penicillin-streptomycin.
Protein extraction and western blot analysis. Cells were lysed with RIPA buffer containing 0.5 mM PMSF, and the lysates were centrifuged prior to determination of the protein concentration using a bicinchoninic acid kit (Sigma-Aldrich; Merck Millipore). A total of 30 µg of protein was loaded per sample channel, and the proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8% gels). The separated proteins were then transferred to polyvinylidene fluoride membranes. The membranes were blocked with blocking buffer (5% defatted milk) and incubated at room temperature for 1 h. The membranes were initially probed with anti-sclerostin (1:500 dilution), anti-RANKL (1:500 dilution), anti-P-p38, anti-P-ERK 1/2 and anti-P-JNK (all 1:1,000 dilution) primary antibodies, and incubated at 4˚C overnight. Subsequently, membranes were stripped and reprobed with anti-ERK 1/2, anti-JNK, anti-p38 (all 1:1,000 dilution) or anti-GAPDH (1:500 dilution) for normalization and densitometric analysis. Blots were scanned and visualized using the Odyssey detector, as mentioned below. After extensive washing with Tris-buffered saline/Tween 20 (TBS-T), the membranes were incubated for 1 h at room temperature with the secondary antibody [IRDye® 680LT-conjugated donkey anti-rabbit immunoglobulin G (IgG) (H + L) antibody; cat. no. P/N 925-68023, 1:20,000 dilution). Images were detected using the Odyssey detector (LI-COR Biosciences, Lincoln, NE, USA).
RNA extraction and reverse transcription-quantitative (RT-qPCR).
Total RNA was extracted from the lysed cells using TRIzol ® reagent. Aliquots of each RNA extraction were then reverse transcribed simultaneously into cDNA using the PrimeScript ® One
Step RT-PCR kit, according to the manufacturer's protocol. RT-qPCR was performed in a total volume of 20 µl in duplicate using the SYBR ® Premix Ex Taq kit and Fast Real-time PCR system 7300 (Applied Biosystems; Thermo Fisher Scientific, Inc.). The PCR reaction mixture contained 2X SYBR ® Premix Ex Taq™ (10 µl), PCR forward primer (10 µM; 0.4 µl), PCR reverse primer (10 µM; 0.4 µl), ROX Reference Dye II (50x; 0.4 µl), RT reaction solution (cDNA) (2.0 µl) and double-distilled H 2 O (6.8 µl). The PCR thermocycling conditions were as follows: Stage 1: 95˚C for 30 sec, repeat one time; Stage 2: 95˚C for 5 sec, 60˚C for 34 sec, repeat 40 times; Stage 3: 95˚C for 15 sec, 60˚C for 60 sec and 95˚C for 15 sec, repeat one time. The mRNA value for each gene was normalized relative to the mouse GAPDH mRNA levels in the same RNA samples, and the results were quantified using the 2 -ΔΔCT method (16) . Primer sequences were as follows: GAPDH, forward 5'-ATG GCC TTC CGT GTT CCT AC-3', reverse 5'-CAC CTT CTT GAT GTC ATC ATA CTT G-3'; sclerostin (gene name, SOST), forward 5'-GCC TCC TCA GGA ACT AGA GAA C-3', reverse 5'-TAC TCG GAC ACG TCT TTG GTG-3'; and RANKL, forward 5'-TGT ACT TTC GAG CGC ATG ATG-3' and reverse 5'-AGG CTT GTT TCA TCC TCC TG-3'.
Determination of intracellular formation of reactive oxygen species (ROS)
. Intracellular ROS were detected in MLO-Y4 cells using the Cellular Reactive Species Detection Assay kit (Deep Red Fluorescence). Briefly, ROS assay solution (100 µl/well) was added to the treated or untreated cells at a Measurement of apoptotic cell death. To detect apoptosis, the Cell Death Detection ELISA PLUS kit was used. Briefly, MLO-Y4 cells were seeded in 96-well plates at a density of 3,000 cells/well and were incubated overnight in α-MEM supplemented with 5% FBS and 5% CS at 37˚C in a humidified atmosphere containing 5% CO 2 . On the following day, the cells were treated with either MSA (control) or various concentrations of AOPPs for 60 min, or with 200 µg/ml AOPPs for the indicated time. The cells were then lysed, and the supernatant was analyzed using the Cell Death Detection ELISA PLUS kit, according to the manufacturer's protocol.
Annexin V/propidium iodide (PI) staining assay. Another apoptosis analysis was conducted using the Annexin V/PI assay. The Annexin V-FITC Apoptosis Detection kit was used in accordance with the manufacturer's protocol. Briefly, MLO-Y4 cells were serum-starved for 24 h, and were pretreated for 30 min at 37˚C with JNK inhibitor SP600125 (30 µM), p38 inhibitor SB203580 (30 µM), ROS scavenger NAC (10 µM) and NADPH oxidase inhibitor apocynin (100 µM), prior to incubation with the indicated concentration of AOPPs-MSA for 24 h. Cells were trypsinized and double-stained with FITC-conjugated Annexin V and PI. Cells were analyzed using a flow cytometer (Beckman Coulter, Brea, CA, USA).
Statistical analysis.
All experiments were performed in triplicate. Data are presented as the mean ± standard deviation. One-way analysis of variance was performed, followed by a least significant difference (LSD) method when P<0.05 for multiple comparisons. Statistical analyses were conducted using SPSS 19.0 (IBM SPSS, Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

AOPPs induce apoptosis of MLO-Y4 cells.
The present study initially investigated whether AOPPs induced apoptosis of (Fig. 1) . As determined by Cell Death Detection ELISA kit and Annexin V/PI staining, treatment of the cells with AOPPs significantly induced apoptosis in a doseand time-dependent manner ( Fig. 1A and B) . Subsequently, the present study examined the effects of JNK inhibitor SP600125 (30 µM), p38 inhibitor SB203580 (30 µM), ROS scavenger NAC (10 µM) and NADPH oxidase inhibitor apocynin (100 µM) on AOPPs-induced apoptosis. Pretreatment of the cells with these agents significantly reversed AOPPs-induced apoptosis (Fig. 1B) .
AOPPs enhance intracellular ROS generation in MLO-Y4
cells. ROS generation was detected using the Cellular Reactive Species Detection Assay kit (Fig. 2) . Treatment of MLO-Y4 cells with AOPPs induced a significant increase in intracellular ROS production, in a dose-and time-dependent manner (Fig. 2B) . Conversely, AOPPs-induced ROS generation was suppressed by NAC pretreatment, but not by SP600125 or SB203580 treatment. In addition, the NADPH oxidase inhibitor apocynin exhibited inhibitory action on ROS generation ( Fig. 2A and B) .
AOPPs increase the expression levels of sclerostin and RANKL in MLO-Y4 cells.
Sclerostin and RANKL are associated with bone remodeling by regulating osteoblastogenesis and osteoclastogenesis. Therefore, the present study examined the effects of AOPPs on the expression levels of sclerostin and RANKL in MLO-Y4 cells. As shown in Fig. 3 , exposure of MLO-Y4 cells to AOPPs significantly increased the expression of sclerostin, at the protein and mRNA levels (Fig. 3A-C) , in a dose-and time-dependent manner. In addition, the effects of AOPPs on the expression levels of RANKL were detected by western blotting and RT-qPCR. Treatment with AOPPs also increased the expression levels of RANKL (Fig. 3A, B and D) . However, treatment of the cells with medium alone or MSA did not exert any effects on the expression levels of sclerostin and RANKL. (17, 18) . As shown in Fig. 4 , activation of the JNK, p38 and ERK MAPKs was detected by western blotting, using phosphorylation level as an index of enzyme activity. Treatment of MLO-Y4 cells with AOPPs markedly induced the activation of JNK and p38, but not ERK, in a dose-and time-dependent manner. To further clarify the involvement of the activation of MAPKs in AOPPs-induced upregulation of sclerostin and RANKL, MLO-Y4 cells were pretreated with PD98059 (30 µM), SP600125 (30 µM) and SB203580 (30 µM) for 30 min, and were then co-treated with AOPPs (200 µg/ml) for the indicated durations. As shown in Fig. 5, SP600125 and SB203580, but not PD98059, significantly inhibited AOPPs-induced upregulation of sclerostin and RANKL, as confirmed by western blotting. These results indicate that AOPPs-induced upregulation of sclerostin and RANKL is associated with activation of JNK and p38 MAPK. As expected, NAC and apocynin effectively suppressed AOPPs-induced upregulation of sclerostin and RANKL (Fig. 5) .
Discussion
AOPPs are known to induce apoptosis in several cell types (19-21) ; however, their effects on osteocytes remain unclear. The present study demonstrated that AOPPs induced sustained activation of the JNK/p38 signaling pathways in a ROS-dependent manner, and consequently induced apoptosis of osteocytic MLO-Y4 cells. In addition, the results provided evidence to suggest that treatment of MLO-Y4 cells with AOPPs increased sclerostin and RANKL expression, and this upregulation was also associated with the JNK/p38 signaling pathways.
Osteocytes, which are the most abundant cell type in bones, are located deep within the mineralized matrix and communicate with each other and with other cells on the bone surface via cellular processes that are projected along the canaliculi (22, 23) . It has previously been reported that dysregulation of the osteocyte network is likely to increase bone fragility and account for the higher incidence of fractures in glucocorticoid-consuming patients (24) . In the present study, treatment of MLO-Y4 cells with AOPPs induced significant apoptosis in a dose-and time-dependent manner. AOPPs were able to activate JNK and p38, but not ERK MAPK in MLO-Y4 cells. Proteins in the MAPK family are involved in various cellular responses, in particular, JNK and p38 are important mediators of apoptosis induced by stressful stimuli (25, 26) . Following pretreatment with the JNK and p38 specific inhibitors, SP600125 and SB203580, the present study successfully demonstrated that AOPPs-induced apoptosis of MLO-Y4 cells was markedly ameliorated. These A B results indicated that JNK and p38 MAPK signaling are upstream pathways of AOPPs-induced apoptosis of MLO-Y4 cells. Notably, the present study also determined the effects of the NADPH oxidase inhibitor apocynin on AOPPs-induced apoptosis in MLO-Y4 cells. As expected, apocynin exerted an inhibitory effect on AOPPs-induced apoptosis in MLO-Y4 cells; however, the detailed signaling cascade involved was not under investigation in the present study.
ROS are known to serve critical roles in apoptosis (26) (27) (28) , and in the present study, AOPPs were able to induce generation of a detectable level of intracellular ROS, as determined using the Cellular Reactive Species Detection Assay kit (Deep Red Fluorescence). Furthermore, it has previously been indicated that accumulated ROS induces sustained JNK and p38 MAPK activation, consequently leading to cell death (26) . The results of the present study indicated that sustained phosphorylation of JNK and p38 MAPK was induced by ROS generation following AOPPs treatment. Notably, inhibition of ROS by NAC, a ROS scavenger, markedly abolished the effect of AOPPs on JNK and p38 MAPK activation, thus suggesting that AOPPs activate JNK and p38 MAPK signaling in a ROS-dependent manner.
Sclerostin and RANKL are two important proteins involved in bone remodeling. Encoded by the SOST gene, sclerostin is almost exclusively produced by osteocytes and binds to lipoprotein-receptor related protein (LRP-5) or -6 (LRP-6) domains. Sclerostin antagonizes LRP5/6-mediated canonical Wnt signaling within the osteoblast, thus inhibiting osteoblast activity and promoting their apoptosis (29) . Furthermore, sclerostin promotes osteoclast formation and activity via upregulation of RANKL production by osteocytes (30) . In a previous study, overexpression of RANKL in transgenic mice led to severe cortical bone porosity, whereas an anti-RANKL antibody significantly improved cortical porosity in ovariectomized cynomolgus monkeys (31) . The present study demonstrated that significant upregulation of sclerostin and RANKL expression was observed in AOPPs-challenged osteocytic MLO-Y4 cells. Furthermore, as determined following treatment with MAPK inhibitors, the AOPPs-induced upregulation of sclerostin and RANKL expression in MLO-Y4 cells was dependent on activation of the JNK/p38 MAPK signaling pathways.
There are some limitations to the present study. Firstly, the characteristics of the cultured osteocytic MLO-Y4 cells may not be identical to original osteocytes in vivo; therefore, further in vivo experiments are required to verify the present findings. In addition, it was not determined as to whether the AOPPs-induced production of sclerostin and RANKL was from the apoptotic MLO-Y4 cells or from the live cells.
In conclusion, the present study is the first, to the best of our knowledge, to demonstrate that AOPPs induced apoptosis of osteocytic MLO-Y4 cells via ROS-dependent JNK/p38 MAPK signaling. Furthermore, AOPPs stimulated the upregulation of sclerostin and RANKL in MLO-Y4 cells, which was also associated with activation of the JNK/p38 MAPK signaling pathways. These findings raise the possibility that AOPPs 
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contribute to the development of osteoporosis under certain medical conditions with excessive oxidative stress. Therefore, modulation of apoptotic pathways via the MAPK signaling cascade may be considered a therapeutic strategy for the prevention and treatment of secondary osteoporosis.
